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The influence of predicted climatic change on agricultural
pest and beneficial insect species is of high importance for
growers since increasing temperatures may have a direct
impact on the developmental rates of insect populations.
These parameters are species-specific and result in variable
reactions to climate change, potentially disrupting the syn-
chrony of pest-parasitoid dynamics. This study investigated
the effect of increasing temperatures caused by climate
change on the population dynamics of the mealy cabbage
aphid Brevicoryne brassicae, a worldwide occurring pest spe-
cies in cruciferous crops, and the endoparasitoid Diaeretiella
rapae. For three vegetable growing regions in lower Saxony,
the population development of both species was simulated
for (1) the near future (2041–2050), (2) the far future
(2090–2099) and (3) the reference time period (1991–
2000), using an age structured simulation model including
simulated temperature data. An earlier first occurrence of
D. rapae in spring compared to B. brassicae was shown, how-
ever with no disruption of the synchrony between the two
populations. Despite the earlier occurrence and increased
population size of D. rapae in future periods, B. brassicae
maximum population size also increased. Furthermore, an
earlier occurrence of alate aphids during the season resulted
from the model, indicating a potential need to adapt pest
management.
Key words: Age-structured simulation model, Brevicoryne
brassicae, Diaeretiella rapae, pest-parasitoid interactions
Introduction
There is a general consensus among scientists that the climate
is changing (Doran & Kendall Zimmerman 2009, Oreskes
2004). For Germany, estimated climatic changes until the
end of this century include an average increase of tempera-
ture by 2–3°C, milder winters, warmer summers, and an in-
crease in extreme events such as heat waves and strong rain
(Meehl & Tebaldi 2004, Rannow et al. 2010). One major
task for science is to estimate possible consequences of cli-
mate change.
For agricultural crop production, climate change poses a
number of direct and indirect effects. Increased CO2 and
temperature are estimated to stimulate plant growth which
in turn may lead to increased water requirements. Depending
on the region, climate change can also result in increased
occurrence of summer droughts. Increased water require-
ments and more frequent drought events should be counter-
balanced through management practices. Furthermore, many
pests and diseases might benefit from higher temperatures
as their development and reproduction are directly linked to
temperature (Olesen & Bindi 2002, Thomson et al. 2010).
However, temperature requirements for development and
reproduction of insect pests are species-specific and need to
be assessed on a case by case basis (Bale et al. 2002, Aguilar-
Fenollosa & Jacas 2014).
For the agricultural practice, earlier occurrence and longer
activity periods for insect pests throughout the year would
result in increased pest management efforts and may lead to
economic losses. The influence of climate change on the
phenology, life cycles and distribution of herbivorous insects
has been shown in numerous studies (Bale et al. 2002,
Aguilar-Fenollosa & Jacas 2014). The change in temperature
can influence the life cycle duration and mortality and
might limit or extend their distribution. Whittaker & Tribe
(1996) used an altitudinal study to show that a temperature
increase of 2–3°C results in a forward time shift of larval
development of spittle bugs (Neophilaenus lineatus) by up to
3 weeks. Zhou et al. (1995) concluded that extended activity
periods could lead to severe aphid outbreaks. Furthermore
they suggested that an early start of aphid population devel-
opment may affect the winged morphs and onset of migra-
tion, which determines large scale spread, advancing it by
more than a month.
In his review on possible implications of climate change
for insect pests in the UK, Cannon (1998) emphasized that
possible responses of insects to climate change should also
take plant-pest and pest-natural-enemy interactions into
consideration. For biological control, climate change could
introduce special problems. Because agricultural pests and
their natural enemies are both insects they will both be af-
fected by climate change and a disruption of the synchrony
could lead to larger pest development (Godfray et al. 1994).
In their meta-analysis, Stireman et al. (2005) concluded that
the frequency and intensity of outbreaks of herbivorous pests
will increase under climate change conditions through the
disruption of parasitoid-herbivore dynamics. In the model
constructed by Hoover & Newman (2004), temperature was
the main factor altering the developmental rates of cereal
aphids and their parasitoids, and plants were affected byJ.Plant Dis.Protect. 1/2015
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on pest-parasitoid dynamics is species specific, effects can
be significantly different for the various agricultural pests
and their associated parasitoids. Insects strictly synchro-
nized with host-plant development might not change dra-
matically in spatial or temporal occurrence (e.g., the spruce
budworm, Fleming 1996). However, if higher temperatures
and especially milder winters result in parasitoids occurring
earlier in spring, low host availability could even lead to the
extinction of the parasitoid population and an outbreak of
the pest (Hance et al. 2007).
The project presented here was part of the framework of
research on climate change and its consequences for agri-
culture, forestry and water management in Lower Saxony,
Germany (KLIFF, http://kliff-niedersachsen.de). In Lower
Saxony, Germany, Brassica vegetable cultivation is a strong
sector of the horticulture industry, with 17% of Lower
Saxony’s vegetable harvest being Brassica, producing 8.9%
of Germany’s harvest (Landesamt für Statistik Niedersachsen
2014). One of the most important pest species in Brassica
cultivation is the mealy cabbage aphid, Brevicoryne brassicae
(Hemiptera: Aphididae) with the parasitoid Diaeretiella rapae
(Hymenoptera: Aphidiidae) as one of the most important
natural enemies.
The aim of our study was to develop a simulation environ-
ment to investigate the possible impact of climatic change
on the population dynamics of these two interacting species,
comparing, in the first step, population variables between
three time periods: a reference period (1971–2000), the
near future (2021–2050) and the far future (2071–2100).
Because higher temperatures may allow for reduced devel-
opmental times leading to an increased number of genera-
tions and an increased reproduction potential we specifi-
cally investigated the maximum population sizes reached
during each year for both species and compared it between
the three time periods. Additionally, we investigated the cal-
endar day at which the population maximum was reached
during each year as it might be influenced by differences in
seasonal weather conditions and temperature dependent
differences in pest-parasitoid interactions between the three
time periods. Furthermore, the time of first occurrence of
individuals emerging from overwintering stages of host and
parasitoid species were investigated as large differences
could break the synchrony of host and parasitoid occurrence.
While wingless (apterous) B. brassicae mostly reside on the
plant where they were born, winged morphs (alate) emigrate
from the host, increasing the distance and speed of spread
of the species. Therefore, this study also investigated changes
in the first occurrence of alate aphids in the population
throughout the year.
Material and methods
The population model
The population models in this study use the age-structured
simulation model INSIM for Matlab (Hemerik & van Nes
2008) and were run in Matlab (v.22, The MathWorks, Inc).
Other than temperature sum models, INSIM is a dynamic
model which does not require linear relationships between
temperature and development parameters. Furthermore, dif-
ferent threshold temperatures can be assigned to different
developmental stages. INSIM uses a so-called fractional box-
car train (Goudriaan & Van Roermund 1993) to simulate the
distribution of individuals as they pass through the different
developmental stages (Mols & Diederik 1995).
To create the population model, species specific values for
various developmental parameters are required. INSIM spe-
cifically requires the definition of the number of develop-
mental stages, the average duration of development for each
stage at different temperatures, temperature-dependent
mortality during each life stage and temperature-dependent
reproduction rates of adults. For each parameter, the corre-
sponding standard deviation is required. Additionally, a file
with daily minimum and maximum temperatures or mean
daily temperatures has to be provided and the pest-para-
sitoid interactions have to be defined (Hemerik & van Nes
2008, Mols & Diederik 1995). To create the population
model used in this study, a population model for B. brassicae
and one model for D. rapae were developed separately and,
thereafter, linked through parasitism of B. brassicae nymphs
by adult female D. rapae.
The developmental parameters needed to create the spe-
cies-specific model were retrieved from reviewing scientific
literature. Data used for B. brassicae was extracted from fol-
lowing publications: Bonnemaison (1951), Cividanes (2003),
Campbell et al. (1974), Deloach (1974), Hafez (1961),
Hughes (1963), Markkula (1953) and Satar et al. (2005),
and data used for D. rapae came from: Blande et al. (2004),
Bernal & Gonzalez (1995, 1993), Campbell et al. (1974),
Hafez (1961), Hayakawa et al. (1990) and Nowierski &
Fitzgerald (2002). Although both species are well-studied
organisms, not all data required was available in the litera-
ture or in the format needed for the model. Where no data
was available, several methods were used to insert biologi-
cally reasonable information: data of similar life stages were
used, data extrapolated from graphs or formulas, qualitative
statements were translated into formulas or data. A detailed
listing of the values used for the developmental parameters
in the model is available in the supplementary material S1.
The model for B. brassicae includes nine different develop-
mental stages (Fig. 1) starting with overwintering eggs (1).
From the winter eggs, the nymphs (2) of the first generation,
the so-called fundatrices (3), hatch, which have a higher
reproduction potential than the following generations
(Bonnemaison 1951, Hafez 1961). A fundatrix produces
nymphs (4) which develop into apterous females (5). The
individual nymph stages were not discriminated into dif-
ferent instars to keep the model simple.
The adult apterous aphids predominantly produce ap-
terous nymphs, however, several factors lead to the produc-
tion of alate and oviparous nymphs. Increased densities of
aphids lead to the production of nymphs (6) of alate morphs
of B. brassicae (7) which emigrate from the host plant
(Bonnemaison 1951, Hughes 1963, Van Emden 1965).
Emigration has been incorporated in the model through
very high mortality rates for alate adults. While being in theJ.Plant Dis.Protect. 1/2015
30 Gebauer et al.: Climate change impact on pest-parasitoid dynamicsreproduction phase alate aphids produce apterous nymphs
(Bonnemaison 1951). Nymphs (8) of oviparous morphs of
B. brassicae (9) are produced by apterous females late in
the year when temperatures drop continuously below 20°C
and day length is shorter than 13 h (Bonnemaison 1951,
Markkula 1953, Raworth 1982).
During each time step the proportion of apterous, alate
and oviparous nymphs produced has to be identified by the
model taking into consideration the conditions for the
current population. To define the number of alate nymphs
produced in each time step, the total number of individual
aphids and nymphs is calculated and used as an index for
increasing population density within our model. The pro-
portion of alate nymphs is derived from the total number
of nymphs with the sigmoid function palate = 0.8/(1 + exp
(3.53 – (ni – novi)* 0.0002)), where ni is the number of all
B. brassicae individuals at the time i, and novi is the number
of oviparous B. brassicae produced at time i according to the
conditions outlined below. The maximum proportion of
alate nymphs is limited to 80%. The formula was derived
from data presented in Hughes (1963).
In our population model oviparous nymphs are produced
after day 240 (28th August) as this is approximately the time
in the year when day length is shorter than 13 h at the cho-
sen locations in Lower Saxony. Furthermore, temperatures
have to be below 20°C to have a proportion of nymphs be
defined as oviparous nymphs. If these conditions are ful-
filled, 35% of the nymphs produced by apterous aphids are
oviparous (Markkula 1953). Although studies have shown
variable proportions of oviparous nymphs according to day
length, which varies throughout the year (Bonnemaison
1951), we used a constant proportion to simplify the model.
The model for D. rapae includes three developmental
stages (Fig. 1): one stage combining egg and larval stages
(1), the mummy stage (2) and the adult stage (3). Although
the preferences to deposit eggs into older larval stages of
B. brassicae and preferences for apterous over alate and
oviparous forms of B. brassicae have been found in the liter-
ature, this was not included in our model for simplicity
reasons (Hayakawa et al. 1990, Kant et al. 2012, Kant et al.
2011, Kant et al. 2008, Tazerouni et al. 2011). Furthermore,
superparasitism (repeated oviposition in the same host) has
been reported for D. rapae. However, D. rapae discriminates
between parasitized and non-parasitized hosts and prefer
the latter (Kant et al. 2011). For simplicity reasons we did
not include the possibility of superparasitism in our model.
The host and parasitoid interact through the parasitism of
B. brassicae by D. rapae. The latter lays its eggs into living
aphid nymphs where it passes several larval developmental
stages before aphid mummification and parasitoid pupation
takes place. The number of aphid larvae parasitized during
each time step was calculated as follows: the sum of all
individuals in the larval stages of B. brassicae depicts the
maximum number of individuals that can be parasitized by
D. rapae during that time step. This number was compared
to the maximum number of eggs that could be produced by
the D. rapae females during this time step. Each group of
nymph morphs of B. brassicae (alate, apterous or oviparous)
is parasitized proportionally to the number of aphid nymphs
occurring in each morph. In our model the development of
D. rapae is assumed to be identical in length in all morphs
and ages of B. brassicae nymphs (but see Kant et al. 2008,
Rehman & Powell 2010).
For each year (run), the population model was started
with the same number of B. brassicae eggs (n = 500) and
D. rapae mummies (n = 10). To our knowledge, there is no
information available in the scientific literature on the ratio
of B. brassicae to D. rapae within the initial populations
emerging in spring after overwintering. To estimate a starting
ratio, we used information from Geiger et al. (2005) who
investigated the hybernation of both species in The Nether-
lands and found averages of up to 98 B. brassicae individuals
and up to 42 D. rapae mummies per Brussels sprout plants
during December and January. Using a maximum propor-
tion of 0.35 oviparous B. brassicae in the population, an
average of 3.5 (1–7) eggs per oviparous individual and a
hatching rate of 0.75 (Markkula 1953), the number of
estimated aphids hatching from eggs per plant in spring
would be around 90. According to Geiger et al. (2005), the
D. rapae mummies were reduced to 8 per plant by February,
Fig. 1: Life cycles of Brevicoryne brassicae (white boxes) and
Diaeretiella rapae (grey boxes) as implemented in the popu-
lation model. All parameters are species and life stage spe-
cific, and development is temperature dependent. D – devel-
opment, P – parasitism of B. brassicae nymphs by D. rapae,
M – mortality, R – reproduction, E – emigrationJ.Plant Dis.Protect. 1/2015
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abscission as well as predation. Furthermore they found a
38–48% hyperparasitism rate, leaving approximately two
mummies per plant, which would result in an approximate
ratio of 1 D. rapae: 45 B. brassicae. Based on these assump-
tions we used a conservative ratio of 1:50 with 10 D. rapae
and 500 B. brassicae for our starting population to allow for
robust model runs.
The simulation
During each run the model calculates the total number of
individuals in each developmental stage during each time
step over the length of one year (365 or 366 days). Within
the 10-year time periods, the model runs each year indi-
vidually, always starting with the above mentioned popula-
tion densities. Therefore, for each of the selected three
regions (see below), the model was run 30 times, i.e. 10
times for each of three time periods: reference period (years
1971–2000), near future (years 2021–2050) and the remote
future (years 2071–2100).
After each run the following variables were extracted
from the model: the first occurrence of B. brassicae nymphs
(hatching of winter eggs), B. brassicae alate and D. rapae
females (hatching from mummies after winter diapause)
during the year, the maximum population size (Pmax)
reached throughout the year, as well as the day when Pmax
was reached.
The temperature data used in this model were obtained
from the climate model REMO estimated in scenario A1B
(MPI for Meteorology, Climate Service Center in Hamburg).
The daily minimum and maximum temperature during three
10-year time periods was extracted for three important
vegetable growing regions in lower Saxony: Cloppenburg,
Harburg and Peine.
Results
The developed population model ran successfully for both
species without encountering crashes or stability issues.
As mentioned above, collating the information on devel-
opmental and reproduction parameters from the scientific
literature with the detail required by INSIM proved difficult.
However, the population development throughout the year
as simulated by our model followed trends expected in the
field reasonably well.
For the three focal geographical regions, the estimated
climatic changes by the REMO model for the near and far
future resulted in an increase of the yearly temperature
average between the reference period (1971–2000) and the
near (2021–2050) and far future (2071–2100) of 1.0°C
± 0.02 and 2.9°C ± 0.04, respectively, with no significant
differences between these regions.
Predicted temperature changes influenced the population
development of B. brassicae and D. rapae throughout the
year. Compared to the reference period B. brassicae winter
eggs were estimated to hatch on average 2.6 ± 1.3 d and
24.4 ± 1.9 d earlier in the near and remote future, respec-
tively (Fig. 2). The first D. rapae females were also estimated
to occur earlier in the year, 12.6 ± 2.2 d (near futures) and
37.6 ± 1.9 d (remote future). However, these time differences
were larger than that of B. brassicae nymphs (winter eggs
hatching) (Fig. 2). Furthermore, alate morphs of B. brassicae
which migrate to new host plants occurred earlier during
Fig. 2: First occurrence of Brevicoryne brassicae nymphs (egg hatching) and adult alate, and first occurrence of Diaeretiella
rapae females. Locations: P – Peine, H – Harburg, C – Cloppenburg.J.Plant Dis.Protect. 1/2015
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(0.7 ± 1.0 d earlier in the near future, 17.5 ± 2.2 d earlier in
the remote future). However, the time difference was sig-
nificantly smaller than for winter eggs hatching (Fig. 2).
Estimated temperatures for future time periods lead to
significantly increased maximum population sizes for
B. brassicae and D. rapae, which occurred 9.4 ± 1.4 and
8.5 ± 1.6 days later in the near future and 17.6 ± 5.8 and
19.4 ± 4.9 days in the remote future, respectively (Fig. 3
and 4). Comparing the results for the three regions Cloppen-
burg, Peine and Harburg no significant differences were found
for any of the measured values.
Fig. 3: Difference of maximum population size of Brevicoryne brassicae and Diaeretiella rapae between the reference period
(1971–2000), the near future (2021–2050) and the far future (2071–2100). Population size index = log(Pmax(near future/remote future))
– mean(log(Pmax(reference period))). Locations: P – Peine, H – Harburg, C – Cloppenburg
Fig. 4: Differences in time periods required for reaching the maximum population size in individual years comparing the
reference time period (1971–2000), the near future (2021–2050) and the far future (2071–2100) for Brevicoryne brassicae and
Diaeretiella rapae. Locations: P – Peine, H – Harburg, C – CloppenburgJ.Plant Dis.Protect. 1/2015
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In agro-ecosystems, climate change will act on herbivore-
natural-enemy relationships, i.e. population regulation pro-
cesses, in many different ways (reviewed by Bale et al. 2002,
Thomson et al. 2010, Aguilar-Fenollosa & Jacas 2014). In
general, both insect groups are directly affected by predicted
environmental changes. Whether herbivore and/or the
natural enemy will benefit from climate change largely
depends on positive or negative impacts on developmental
and/or mortality rates. The larger the differences of the
change in developmental and reproduction rates between
the herbivore and the natural enemy the higher the proba-
bility of asynchrony in spring development, and conse-
quently differences in population build-up throughout the
cropping season. Indirectly, herbivores can be affected by
altered host plant phenology and physiology which in turn
can have consequences for higher tropic levels. For example,
if herbivore quality, i.e. body size and/or nutritional value,
is affected negatively the fitness of parasitoids and predators
will most likely also decline and therefore result in negative
effects for biocontrol.
To better understand the implications of climate change
on pest-parasitoid population dynamics, we combined the
information of the climate model REMO and a simulation
model for the mealy cabbage aphid, B. brassicae, and its most
important natural enemy, the aphid parasitoid D. rapae.
One disadvantage of modelling the detailed development
of both species to simulate annual population dynamics is
that it requires a large amount of species-specific data,
estimated climate data and computer power. Since data on
population development over a whole season were not
available in the literature, validation of simulation with
field data was impossible. Nevertheless, population devel-
opment followed trends we expected in the field reason-
ably well.
Our results show that the increase in temperature
between the three time periods extended as expected the
activity season for both species significantly. The timely
advancement of emergence after overwintering of female
D. rapae was larger than that of B. brassicae nymphs pre-
senting the potential of disrupting the synchrony between
the two species. If parasitoids emerge from winter much
earlier than their hosts, it could lead theoretically to an
early extinction of the parasitoid population and a large
outbreak of hosts later in the year. Hoover & Newman
(2004) reported that for their general model of a cereal
aphid population and its parasitoid the timing of the intro-
duction of the parasitoid to the aphid population influenced
the parasitoid population size significantly. If parasitoids
were introduced before aphid population growth had
gained momentum, the parasitoid population would remain
very small or even go extinct, while an introduction after the
aphid population growth had gained momentum would
result in large parasitoid populations. In our study, early
extinctions of parasitoid D. rapae populations were not
observed in the simulation model outcome indicating no
disruption of synchrony between the species when using the
given data.
However, maximum population size reached within a
year increased between the considered time periods for
both species, indicating that any potential control of
B. brassicae by D. rapae at the beginning of the year during
cooler temperatures was not sustained during long periods
of warm to hot weather in the summer which accelerated
the increase of the population growth of B. brassicae. The
B. brassicae population explosions were trailed closely by
D. rapae population increases. For agricultural practices, this
might mean a stronger and maybe more timely approach to
aphid control is needed in future summers under climate
change conditions to stop the exponential increase of these
aphid populations at an early time point in the year.
The model outcome predicted the occurrence of alate
aphids earlier in the year in the far future but not sig-
nificantly earlier in the near future. Alate aphids disperse
between host plants and therefore increase pest popula-
tion spread. However, the timely advancement of alate
aphid occurrence was smaller than that for winter eggs
hatching. Because production of alate morph aphids was
linked to the size of the total aphid population in our
model, it seems that the benefit from early hatching can-
not be translated fully to earlier migration to summer
hosts, potentially caused by a combination of highly vari-
able temperature profiles in the spring period and an ear-
lier development of parasitoid populations. Whether this is
an advantage or disadvantage for plant protection depends
on the earliness of Brassica crop planting in remote cli-
mates.
Furthermore, our models show that milder winters create
more favourable conditions for aphids and parasitoids
which could lead to anholocyclic adult aphids occurring
throughout the year. Adult aphids overwintering are re-
ported from regions with milder climates such as Australia,
New Zealand and parts of France where oviparous aphids
and eggs (holocycle) are never or only rarely encountered
(Bonnemaison 1951, Hafez 1961, Lamb & Lowe 1967).
Although, we did not allow for estimation of aphid popula-
tion development through the winter season, earlier emer-
gence and aphid occurrences until late December indicate
the potential for overwintering of adult aphids. Addition-
ally, Brassica crops are cultivated throughout the winter
season in Germany providing host plants for the overwin-
tering anholocyclic aphids. Currently, farming practices do
not include aphid control throughout the winter. However,
the simulations suggests that with increasing tempera-
tures, milder winters and large aphid populations reaching
the end of the year, strategies have to be developed for the
winter period.
Without further investigations, the control potential of
B. brassicae by D. rapae during winter months is difficult to
estimate. No specific information is available about the
occurrence of diapause and the inducing/breaking factors
for either D. rapae or B. brassicae. Hafez (1961) observed
that D. rapae mummies could easily hatch in the laboratory
at long photoperiods and room temperature throughout
winter. However, no controlled experiments were conducted
to discriminate between temperature and photoperiod.
Should D. rapae observe a diapause introduced/broken byJ.Plant Dis.Protect. 1/2015
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population growth even during milder future winters and
limit the control potential for B. brassicae during winter.
Increased variability in the simulation results for the
near and especially the far future resulted most likely from
increased variability in the predicted temperature in these
time periods. The higher variability in the population
build-up of both species should be taken into consideration
for future management strategies. This might require a
larger flexibility in the timing and strength of pest manage-
ment as some years will see very large outbreaks, while
other experience very low maximum population size.
Additionally, efficient monitoring and prediction tools that
allow for the estimation of potential outbreaks need to be
developed. Although there were no significant differences
between the main vegetable growing regions selected for
this study, regional differences are still expected for
coastal and mountainous areas. A more detailed analysis
of spatial dynamics is necessary to identify hot spots for
climate change impacts on pest and natural enemy popu-
lations in Lower Saxony.
The mechanistic model used in this study has no explicit
spatial scale and should therefore be considered as repre-
senting an aphid colony rather than regional dynamics. For
simplicity reasons, several factors were not taken into con-
sideration: predation on B. brassicae and D. rapae, intra- and
inter-specific competition, changes in food availability
through growth and wilting for host plants of B. brassicae,
hyperparasitism of D. rapae, weather occurrences such as
storms and strong rain events. These factors might also ex-
perience the influence of climate change, e.g. developmental
and reproduction rates by predators are also species-specific
and temperature-dependent. This would require modelling
host plant development with climate data in a similar way.
Because nutrient contents of plants could be influenced by
increased CO2 levels in the future, we might have to include
this aspect in such a model too. Therefore, the currently pre-
sented results should not be taken as predictions of actual
B. brassicae and D. rapae population developments in the fu-
ture, but demonstrate the influence of temperature changes
on the population interactions of the two species using pre-
dicted climate data. The results show that milder tempera-
tures have positive effects on both species populations, that
adaptation in timing of pest control might be necessary and
stronger outbreaks of B. brassicae are possible. Further re-
search is required such as validation of the model with field
data and investigations into environmental factors that
could influence aphid and parasitoid populations as well as
other climate models and scenarios.
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